Introduction
More and more attention has been recently paid to protection against noise in the world [1] . One of the most effective ways of reducing noise is to set noise protection screens. The most common source of excessive noise worldwide is transportation flows that, according to different data, cover from 50 % to 70 % of settlement territory [2, 3] , which leads to the deterioration of hearing, specifically in children [4] . At present, leading countries of the world pay great attention to the construction of new, and the reconstruction of existing, highways, in order to increase intensity of transportation and improve safety of operation. One of the requirements to the safe operation of any construction facilities, which definitely include car and rail routes, is the requirement for "noise protection" [5] . Official normative documents point to the necessity of applying noise protection screens as an effective way to reducing the noise of traffic flows. A procedure for the calculation of efficiency of such screens is quite outdated and does not meet modern requirements for accuracy and reliability [6, 7] .
That is why qualitative assessment of the effectiveness of noise protection screens, depending on their design pa-
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scope of application of the obtained expressions in the field of low and medium frequencies. Fig. 1 . A noise protection screen in the city of Kyiv, with a slit at its base
In paper [13] , attention is paid to estimating efficiency of a thick screen with ultimate sound insulation; the results obtained indicate, however, low efficiency. Article [14] reports results of numerical study into passage of sound through an opening in the screen, though in order to get adequate results for other geometry of the problem, it is advisable to have analytical relations. Paper [15] paid attention to the screens of finite length, which made it possible to determine the effect of sound propagation through the ends of the screen. The application of results of this work is possible, however, only for vertical screens and horizontal planes beyond the screen, which is not applicable, for example, to the inclined screens that are placed on bridges.
With the development of computational technology, it became possible to carry out computer simulation of acoustic field around the screen. The most widely used methods are those of boundary areas and finite elements [16] [17] [18] . It was shown that the method of boundary areas can be applied to any geometrical system with arbitrary boundary conditions. The time of calculation will be the factor that may limit the complexity of the system, and is suitable for solving external tasks. The finite element method makes it possible to solve internal problems by splitting domains of solutions into elementary particles. A common disadvantage of numerical methods is the uncertainty of error in the calculations. The most common technique to assess the adequacy of computer model is to compare results of the calculations to the field or model experiments, which leads to increased cost and time loss.
The recently developed method in Ukraine implies determining the effectiveness of noise protection screens using a method of partial areas [19] . Paper [20] described estimation of efficiency of acoustically rigid soundproofed screens of arbitrary height and angle of inclination. The results obtained by this method have a good agreement with the results of field measurements [21] .
Therefore, there is a need to design the analytical method for calculating a reduction in the levels of sound pressure by noise protection screens with arbitrary angles of inclination of the screen and with a plane beyond the screen. In this case, a mathematical model must take into consideration a possibility of sound penetration through the body of the screen.
The aim and objectives of the study
The aim of present study is to determine effectiveness of the noise protection screen with an opening at its base taking into consideration a sound reflection from the ground.
To achieve the set aim, the following tasks have been solved:
-to state and solve a problem on finding a sound field around the screen with an opening near its base using a method of partial areas;
-to identify techniques to adapt the results obtained to a known actual situation;
-to estimate effect of the size of the opening in the screen on its effectiveness.
Solution to the problem on a noise protection screen
with an opening at its base A noise protection screen is typically a vertical wall made of solid building materials (such as concrete, brick, glass), or structures in the form of sandwich panels from metal and mineral wool [22] . From the acoustic point of view, all of these materials have a significantly higher acoustic impedance than the air in which sound waves propagate, which is why these materials and structures can be considered acoustically rigid.
The surface of the road, on which automobiles move, is most often made of asphalt or concrete layer, and it can also be considered an acoustically rigid material. As far as the surface beyond the screen is concerned, it can be acoustically rigid (ground, asphalt, concrete, etc.), or it can be absent at all (when a sound source is located on the bridge or a viaduct).
In addition, transportation motion in the present study is considered to be a continuous source of sound whose characteristics do not change lengthwise.
All these conditions and approximations result in a problem whose geometry is shown in Fig. 2 . 
Problem:
Two acoustically rigid half-planes, one of which is horizontal, the other is inclined, form a dihedral angle with an angle of disclosure (β+γ), repeating the surface of the Earth. A sound source S is in the form of an infinitely long cylinder with an infinitely small radius, which operates at zero mode of oscillations and emits a sound wave. This source is at distance r S from the top of a dihedral angle -the base of the noise protection screen with an opening, and at angle α S to the horizontal half-plane (road surface). An angle β to the horizontal half-plane is the acoustically rigid, infinitely long band of width h-d -a noise protection screen. The edges of this band are at distance d and h from the top of the dihedral angle. The plane to which the band belongs passes through the top of the dihedral angle. Zone I -an opening through which noise penetrates; zone II -a space to the noise protection screen with a source of noise; zone III -a space of acoustic shadow beyond the screen; zone IV -populated territory to be protected from noise.
It is required to find an acoustic field in arbitrary point P, which is located at distance r from the top of the dihedral angle and at angle θ to the horizontal half-plane, located in zone IV.
As is known [23] , the Helmholtz equation for the velocity potential Φ in the polar coordinate system on the plane takes the form:
Partial solution will be represented in the form:
where here and below (1) H , b
H , b J b and N b is the notation of cylindrical functions, namely, by Hankel of the first and second kind, by Bessel and by Neumann, respectively; k=ω/c is the wave number.
Region I: Region I is in the form of a sector of the circle with radius d at boundary conditions:
We shall apply partial solutions of the form (3). Given the fact that this region contains the origin of coordinates, then the solution using a Neumann function does not match physicality, which is why the second complement in the solution is rejected.
Then we shall employ boundary conditions for finding the parameters of b, C, D.
( )
As a result of a finding a partial solution, velocity potential Φ I for region I can be written down in the form
Region II: Region II takes the form of a sector of the ring with radius d and h with the following boundary conditions:
We shall apply a partial solution of form (2). Then we shall use boundary conditions for finding the parameters of b, C, D.
Record: (2) ( , ) J ( ) cos , 0, 1, 2...
After the transforms, similar to the solution to the first region, it is possible to write velocity potential speed Φ II for region II in the form:
Region III: Region III takes the form of a sector of the ring with radius d and h with the following boundary conditions:
, .
Similar to sector II:
Region IV: Region IV takes the form of an area outside the circle of radius h with the following boundary conditions:
Given the Sommerfeld condition of radiation at infinity, we reject in equation (2) function (2) H ( ) b kr because it corresponds to the waves that arrive from the infinity.
Diffraction field from the source of sound. For the sake of simplicity, we shall assume that the source of sound is located in zone IV, that is, h<r S .
Diffraction of the infinite cylindrical sound source of a small wave size on a wedge with acoustically rigid surfaces and angle of disclosure β+γ is described by expression [17] :
where Φ 0 is the potential of oscillatory speed emitted by the source;
Then the field in region IV will be determined as:
We shall write down the terms of field conjugation at boundaries:
-by pressure:
-by speed:
,
.
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Let us substitute expressions (6), (9), (11) and (16), considering (13) and (14) , in the conditions of conjugation (17)- (20) . 
By using the property of orthogonality of harmonic functions, we shall obtain an infinite system of equations, which is solved by the method of reduction with finding 240-480 unknown coefficients А n depending on frequency.
Analysis of the obtained results
Based on the solution given in the previous chapter, we developed software in the Matlab programming environment. Results of calculations and their analysis is given below.
1. Approximation of calculation results to the actual situation
To run an analysis of results of solving the problem, we performed calculations at frequencies 63 Hz, 125 Hz, and 250 Hz, corresponding to the averaged geometrical frequencies of octave bands. 3 shows that at all frequencies, beyond the screen, there is a sharp change in the levels of sound pressure. This is due to the interference of sound waves that passed over the top edge of the screen and through the opening in its lower part. However, results of measurements at actual objects did not reveal such a drastic change in the levels of sound pressure. The reason for this is that the transportation flow as the source of noise is noisy with a continuous spectrum, which is why it is advisable to analyze efficiency of the screen taking this fact into consideration.
For this purpose, one should build an acoustic field not for only one frequency, but for the resulting field, for several frequencies. As shown by numerical studies, it is sufficient to find the total field of 25 frequencies, uniformly distributed over octave band, to consider the resultant acoustic field to be a field of noise signal (Fig. 4) . Fig. 4 shows that the sharp change in the sound pressure levels in the field beyond the screen has disappeared, which unambiguously brings the result obtained to the actual situation. However, the most informative is not the field of sound pressure levels but rather the efficiency of a noise protection screen, which is determined from expression
where L 0 are the sound pressure levels without a screen, dB; L 1 are the sound pressure levels with a screen, dB. Fig. 5 shows charts of change in the efficiency of a noise protection screen for sound frequency and height of the estimated point at different size of the openings. One can see that the efficiency of the screen depends on the size of the opening, and the smaller the opening, the higher the efficiency that improves over a wide range of heights of the estimated point. However, there is a region of interferential interaction between the sound, which passed through the opening, and the sound that passed over the top edge of the screen. In this region, with a decrease in the opening of the screen the efficiency is also reduced. This pattern is observed also at various distances of the estimated point from the screen (Fig. 6) .
2. Dependence of efficiency of the screen on the size of the opening
Results of calculations have shown that at a change in the size of the opening from 0.1 m to 0.2 m, its effectiveness changes by no more than 0.5 dB. Thus, we can assume that the presence of the opening in the lower part of the screen the size up to 0.2 m will not lead to a significant reduction in its efficiency at low frequencies, but at the same time will facilitate the removal of sediments from the highways. The problem solved makes it possible to find the levels of effectiveness of noise protection screens, taking into consideration the presence of slits through which sound penetrates the region of shadow. Such a mathematical model can be considered to be a model of the screen with ultimate soundproofing.
The data obtained show a decrease in the efficiency of the screen with an increase in the width of the opening due to the fact that part of the sound energy passes through this opening because of which the levels of sound pressure in the region of shadow behind the screen increase.
Applying a method of partial areas to solve this problem made it possible to search for solutions not only for the vertical, but also for the inclined screen with different width of the opening. The use of this solution allowed us to set an arbitrary inclination angle of the plane beyond the screen, in contrast to the DLSM method [15] . At the same time, this method is purely analytical, based on known solutions of the wave equation. This circumstance has an unquestionable advantage over numerical methods, such as the method of boundary areas and the method of finite elements [16] [17] [18] , in which the accuracy of obtained results is unknown and can be found only at the stage of experimental verification.
However, the application of this solution to the problem is somewhat limited for high frequencies (>1000 Hz). This is due, first, to the need of solving a system of equations of the higher order and, second, the accuracy of calculation of the Bessel functions of high order (n>100) for large arguments (kr>100) decreases, which leads to false results. That is why, in order to improve results of the calculation, it is necessary to apply known asymptotic approximations [24] .
The present studies could be used in the design of noise protection screens, as well as to estimate the effectiveness of screens with an opening which are located on bridges and at variable height of terrain. Our method of calculation has shown that for the points beyond the screen, below road level, the efficiency of the screen decreases dramatically. In future, this method can be improved to determine efficiency of the screen with ultimate sound protection and length, as well as to analyze effectiveness of impedance screens.
Conclusions
1. We stated and solved the problem on determining effectiveness of the noise protection screen with an opening at its base, which made it possible to estimate effectiveness of the noise protection screen for frequencies up to 1000 Hz and for distances between the source of noise and the screen up to 15 m.
2. When performing calculations, a drastic change was revealed in the sound pressure levels around the screen, which is not observed under actual conditions. A procedure is provided to adjust results of the calculations by increasing the number of estimated frequencies in each octave band. It allowed us to obtain the more uniform sound field and thus we can assume that the source of sound has a noise, rather than tonal, character.
3. As a result of the performed calculation, we identified a region with maximum efficiency of the noise protection screen. It is shown that the efficiency of the screen of height 6 m decreases by the magnitude of up to 7 dB when width of the opening increases by up to 1 m. We detected anomalous dependence of the width of the opening on efficiency of the screen in the region of interferential interaction. It was also established that the width of the opening to 0.2 m significantly affects efficiency of the screen in a low frequency region.
